Introduction
Phosphorous-containing, halogen-containing, silicon-containing, metal hydrate and oxide, nano-composite flame retardant formulations are the main five kinds of flame retardants of PP [1] .
Phosphorous-containing intumescent flame retardants (IFRs) are found to be superior among the above flame retardants of PP [2] [3] [4] [5] [6] . The main components of an IFR system include an acid source, a carbon source, and a blowing agent. A typical IFR system is composed of ammonium polyphosphate (APP, acid source), pentaerythritol (PER, charring agent) and melamine (MEL, gas agent) [4] [5] [6] . APP can be used as not only an acid source, but also a blowing agent, caused by the formation of polyphosphoric acid and ammonia during its thermal degradation [7] . Therefore, APP/PER based IFR systems have been widely investigated, moreover, synergistic agents can be also added into the APP/PER system for improving flame retardancy [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Some authors have demonstrated that zeolites [8, 9] , boron containing substances [10, 11] , layered double hydroxide (LDH) [12] [13] [14] , as well as some metal oxides [7, [15] [16] and metal salts [17] can act as synergistic agents for effectively improving flame retardancy, and promoting the strength and stability of char layer.
Rare earth compounds such as La 2 O 3 [16] , CeO 2 [7] , Ce-doped titania nanotubes (Ce-NTs) [18] , and cerium phosphate (CeP) [19] [20] , have been used as synergistic agents of IFRs in PP and other polymer systems. So far there is no research on rare earth metal stannates as synergistic agents for PP/APP/PER system or other flame retardant polymers. Therefore, the aims of the present work were to prepare a new kind of inorganic synergistic agent containing La, Sn and Fe elements, iron doped lanthanum stannate (Fe-La 2 Sn 2 O 7 ), investigate its flame retardant effect on PP/APP/PER system and find its best loading level. Table 1 The various components of every flame retardant PP sample were uniformly mixed in a highspeed mixer, and then melt-blended on a twin-screw extruder (SHJ-20, Nanjing Giant Machinery Co., Ltd., China). The temperature range of the twin-screw extruder was set at 165-180 °C. The tested flame retardant PP samples were obtained by injection molding using an injection molding machine (SZ-15, Wuhan Ruiming Plastic Machinery Co., Ltd., China) and the temperature was set at 180-200 °C.
Measurements and characterization Characterization of Fe-La
X-ray powder diffractometer (D8-ADVANCE, Bruker, Germany) with Cu-Kα radiation at room temperature was employed to observe the crystal structure of Fe-La. The operating conditions of the X-ray source were set at a voltage of 40 kV and a current of 40 mA, with scans in the range of 2θ =10-90°.
The morphology and elemental composition of Fe-La were observed by a field-emission scanning electron microscope (FE-SEM) (JSM-7500F, Japan Electron Optics Laboratory Co., Ltd., Japan) coupled with an energy-dispersive X-ray spectrometer (EDS) (Noran System 7, American), and the sample was observed after sputtering with gold.
Flame retardant tests of the PP samples
The LOI value is the minimum amount of oxygen in an oxygen (O 2 )-nitrogen (N 2 ) mixture required to support the complete combustion of a vertically held sample that burns in the downward direction from the top. In this study, the LOI values were determined in accordance with ASTM D2863 by using a general model JF-3 LOI instrument (Nanjing Jiangning Analysis Instrument Factory, China). The size of the test specimens was 130 mm × 6.0 mm × 3.0 mm (length × width × thickness).
The UL-94 vertical burning test was performed on a CZF-3 vertical burning instrument (Jiangning Analysis Instrument Co., China) according to the UL-94 test standard. The size of the test specimens was 130 mm × 13 mm × 3 mm (length × width × thickness). Char residues study of the flame retardant PP samples PP/IFR, PP/IFR/Fe-La-1.0 and PP/IFR/Fe-La-5.0 were studied by UL-94 tests, and their char residues were investigated. The internal and external surfaces of the char residues were observed by an SEM. The possible compositions and functional groups of the char residues were evaluated by powder XRD and an FTIR spectrometer, respectively.
Results and discussion
Structure and morphology of Fe-La The crystal structure, morphology and element compositions of Fe-La were characterized by XRD, SEM and EDS methods, the results are shown in Figs. 1 and 2 , respectively.
The positions of XRD peaks in Fig.1 (a) are consistent with those of La 2 Sn 2 O 7 standard card (PDF # 13-0082, Fig.1 (b) ), suggesting that the crystal structure of Fe-La is the same as those of La 2 Sn 2 O 7 (PDF # 13-0082). As shown in Fig.1 (c) , Fe-La particles are irregular spheres or stripes, with particle sizes of approximately 20-50 nm. Fig. 2 shows that that the mass percent of O, Fe, Sn, and La elements in Fe-La is 19.55%, 0.52%, 36.02%, and 43.91%, respectively. 3.2 Flame retardant properties of PP/IFR/Fe-La composites Table 1 (Fig.3 (a 1 ) ) and of PP/IFR/Fe-La-5.0 (Fig.3 (c 1 ) ) were composed of several loosely packed small solid particles, and the packing of the small particles in Fig.3 (c 1 ) was significantly loose as compared to that inFig.3(a 1 ). However, the external char surface of PP/IFR/Fe-La-1.0 (Fig.3 (b 1 ) ) exhibited a compact porous surface without solid particles. Both the internal char surfaces of PP/IFR (Fig.3 (a 2 ) ) and of PP/IFR/Fe-La-1.0 (Fig.3 (b 2 ) ) exhibited a continuous, rugged, compact and porous char layer with several closed pores, and the pore size inFig.3(a 2 ) was significantly greater than that inFig.3(b 2 ). However, the internal char surface of PP/IFR/Fe-La-5.0 (Fig.3 (c 2 ) ) exhibited a more loose char layer, which was composed of several loosely packed small solid particles packed loosely and several large-sized enclosed looser pores.
The above description indicated that the char of PP/IFR/Fe-La-1.0 was the most compact, followed by that of PP/IFR, and finally, that of PP/IFR/Fe-La-5.0; this result is consistent with the order of their flame retardant properties. This result indicated that the suitable addition of Fe-La into the PP/IFR system could form a continuous, internal, and external compact intumescent char layer; however, with the extra addition of Fe-La into the PP/IFR system, the closed pores could possibly break, thereby generating small solid particles in the inside and outside of the char. Hence, PP/IFR/Fe-La-1.0 and PP/IFR/Fe-La-5.0 exhibited the best and worst flame retardant properties, separately.
FTIR analysis of the char residues
As shown in Fig.4 (a) , the FTIR spectrum of the char residue of PP/IFR only exhibited absorption peaks at 3452, 2362, and 1617 cm . In other words, as shown in Fig.4 (a) , the possible main components of the char residue of PP/IFR were crystal water, saturated alkanes, -NH 2 -, and HR 2 P=O or PO 3 3- , while those of PP/IFR/Fe-La-1.0 were saturated alkanes, HR 2 P=O, or PO 3 3-, and organic nitrates; moreover, the main components of PP/IFR/Fe-La-5.0 were saturated alkanes, HR 2 P=O, or PO 3 3-. This result revealed that a suitable addition of Fe-La into the PP/IFR system would promote the formation of saturated alkanes and the reaction of APP and PER. One wide diffraction peak was observed in the XRD of the char residue of PP/IFR, but it was difficult to ascertain the group or compound it corresponded to, which indicated that crystal compounds do not exist in the char residue of PP/IFR. Several sharp diffraction peaks were observed for the char residue of PP/IFR/Fe-La-1.0, which indicated that crystal inorganic compounds are present in this char residue. The peaks at 14.23 and 21.25° may be attributed to the two strongest characteristic diffraction peaks (020) and (220) 3 , PDF# 05-0464). This result revealed that Fe-La possibly reacts completely with PP and IFR in the PP/IFR/Fe-La-1.0 system during combustion, with no reaction observed for the PP/IFR/Fe-La-5.0 system, which indicated that an optimum of Fe-La concentration is beneficial for a synergistic effect.
Conclusions
(1) Iron-doped lanthanum stannate (Fe-La) with irregular spheres or stripes, with a particle size of 20-50 nm, was successfully prepared, and the loading of iron in Fe-La was 0.52 wt%.
(2) Fe-La was used as a synergistic agent for the conventional intumescent flame retardant (IFR), which is a mixture of ammonium polyphosphate (APP) and pentaerythritol (PER) in a mass ratio of 2:1, for PP. When the loading level of Fe-La were 1.0% and 5.0%, the flame retardant PP containing 25% IFR/Fe-La showed the best and worst flame retardant properties, respectively. Compared with PP/IFR, the changes of PP/IFR/Fe-La-1.0 were as follows: LOI increased 3.7 units, UL 94 test from V-1 to V-0 rating.
(3) The SEM images of the char residues indicated that the external and internal char surfaces of PP/IFR/Fe-La-1.0 were the most compact. The FTIR and XRD analyses of the char residue indicated that crystal water, saturated alkanes, -NH 2 -and HR 2 P=O or PO 3 3-were the main components of the char from PP/IFR; an Fe-La loading of 1 wt% into the PP/IFR system was appropriate, which promoted the production of C 2 H 5 NO 4 ·0.5H 2 O, C70, and organic nitrates in the solid phase for the char residue of PP/IFR/Fe-La-1.0; while an Fe-La loading of 5 wt% into the PP/IFR system was excessive, and saturated alkanes, HR 2 P=O, H 3 PO 3 , and excessive Fe-La were the solid compositions from the PP/IFR/Fe-La-5.0 char residue.
